Recent fossil finds and experimental analysis of chick and mouse embryos highlighted the lateral fin fold theory, which suggests that two pairs of limbs in tetrapods evolved by subdivision of an elongated single fin 1 . Here we examine fin development in embryos of the primitive cartilaginous fish, Scyliorhinus canicula (dogfish) using scanning electron microscopy and investigate expression of genes known to be involved in limb positioning, identity and patterning in higher vertebrates. Although we did not detect lateral fin folds in dogfish embryos, Engrailed-1 expression suggests that the body is compartmentalized dorsoventrally. Furthermore, specification of limb identity occurs through the Tbx4 and Tbx5 genes, as in higher vertebrates. In contrast, unlike higher vertebrates, we did not detect Shh transcripts in dogfish fin-buds, although dHand (a gene involved in establishing Shh) is expressed. In S. canicula, the main fin axis seems to lie parallel to the body axis. 'Freeing' fins from the body axis and establishing a separate 'limb' axis has been proposed to be a crucial step in evolution of tetrapod limbs 2, 3 . We suggest that Shh plays a critical role in this process.
The continuous fin fold theory was once considered to be "more an established fact than a theory" 3 but was subsequently questioned because of inconsistencies in the fossil record and in the embryology of cartilaginous fish 4 . Recently discovered fossils of the earliest- letters to nature known Cambrian vertebrates, however, seem to have had lateral ribbon-shaped fins 5 , and recent analysis of muscle formation in dogfish has shown uniform budding from somites in both limb and inter-limb regions 6 . The embryos of some primitive cartilaginous fish have been reported to have lateral fin folds 7 . We therefore re-examined Scyliohinus canicula dogfish embryos from pre-fin-bud to fin-bud stages using scanning electron microscopy. In pre-fin-bud embryos (stage 22; ref. 8) , no signs of lateral ridges could be detected (Fig. 1a) . By stage 24 (about 3 days later), small shelf-like buds (pectoral fin buds) project out of the body wall just ventral to somites 5 -13 (Fig. 1b) . These buds are rimmed distally by a raised structure, the apical fold, and have discrete edges both anteriorly and posteriorly with no sign of continuation of the 'shelf' posteriorly along the flank. A thickening which will develop into pelvic fin buds is detected ventral to somites 27 -36 (arrows; Fig. 1b) . In later-stage embryos (stage 27, about 10 -12 days older), pelvic fin buds (opposite somites 27 -36) are present in addition to pectoral fin buds. Both types of bud are semicircular flaps rimmed with well defined apical folds. In between the buds, the body wall is quite smooth (Fig. 1c) . Thus, we did not detect lateral folds in S. canicula embryos.
In chick embryos, the body ectoderm is compartmentalized with respect to the dorso-ventral axis in both limb-forming and flank regions 9 . This compartmentalization serves to position limbs laterally, because the apical ectodermal ridge, the thickened epithelium that mediates limb-bud outgrowth, arises at the compartment boundary. Engrailed-1 expression is restricted to the ventral compartment of the body ectoderm of both chick and mouse embryos at pre-limb-bud stages and then in the ventral ectoderm and the ventrical apical ridge of limb buds 9, 10 . To gain insight into ectoderm letters to nature compartmentalization and whether fin buds of S. canicula arise at an ectodermal boundary of Engrailed-1 expression, we isolated complementary DNA fragments of ScEngrailed-1 and carried out whole-mount in situ hybridization on dogfish embryos. At both pre-fin (stage 23; Fig. 1d ) and fin-bud stages, ScEngrailed-1 transcripts were clearly seen at the border of the mesencephalon and metencephalon and in the somites. When these whole mounts were sectioned, ScEngrailed-1 was seen to be expressed in the ventral ectoderm of the body of dogfish embryos both in the presumptive pectoral fin-bud region (stage 23 embryo; Fig. 1e ) and in the pectoral fin buds themselves (stage 26 embryo; Fig. 1f ). At the later stage, it was clear that, in the pectoral fin, the boundary between ScEngrailed-1-expressing ectoderm and non-ScEngrailed-1-expressing ectoderm lies at the mid-point of the apical fold, thus respecting the same boundary as Engrailed-1 expression in chick and mouse limb buds. Thus, the pattern of Engrailed-1 expression in S. canicula in relation to fin development suggests that the body of the dogfish is compartmentalized as in higher vertebrates. The mechanism that determines the dorso-ventral position of tetrapod limbs appears to be an ancient feature of the gnathostome body plan and could form the basis for a lateral fin fold in an ancestral vertebrate (Fig. 2a) . According to fin fold theory, two pairs of tetrapod limbs evolved by subdivision of a single lateral fin. In contrast, other recent ideas suggest that an ancestral vertebrate had a single pair of fins; either posterior 11 or anterior 12 .
In tetrapods and teleosts, the identity of each pair of appendages is determined by expression of T-box genes Tbx5 and Tbx4, which are expressed in the anterior and posterior appendages, respectively 13 . In contrast, the cephalochordate Amphioxus has only one such gene, AmphiTbx4/5 (ref. 14) , although its expression pattern has not been reported. Tbx4 and Tbx5 genes in tetrapods are thought to have arisen by duplication of this single ancestral gene. Therefore, we analysed the T-box gene complement in dogfish by employing polymerase chain reaction after reverse transcription of RNA (RT-PCR), using two sets of degenerate oligonucleotide primers. With each set of primers we obtained distinct PCR products, showing that the dogfish has both Tbx4 and Tbx5 genes. The deduced amino-acid sequences of S. canicula Tbx4 and Tbx5 T-box regions, aligned with those of zebrafish, chick, human homologues and the T-box region of AmphiTbx4/5 are shown in Supplementary Information. The Tbox region alignment provides further evidence that ScTbx4 and ScTbx5 belong to Tbx4 and Tbx5 subfamilies respectively. Skate embryos may also have a Tbx5 gene 13 . In stage 28 dogfish embryos, ScTbx5 expression was observed in pectoral fin buds (Fig. 1g) , dorsal eye and heart, but not in pelvic fin buds (Fig. 1i) . On the other hand, ScTbx4 expression was not detected in pectoral fin buds (Fig. 1h) , but was seen in pelvic fin buds (Fig. 1j) . These results show that a Tbx4/5 gene cluster duplication occurred before the origin of cartilaginous fish (Fig. 2b) . Furthermore, as in tetrapods and teleosts, Tbx5 and Tbx4 are expressed in the anterior and posterior appendages, respectively.
An important recent finding with respect to the fin fold theory is that the inter-limb region in tetrapods has the potential to form limbs. Balinsky first discovered this in newts 15 but limb-forming potential has now been described in both chick and mouse embryos 16, 17 . This remarkable property is associated with the potential of flank cells to form a polarizing region 17 . The polarizing region is the major limb 'organizer' and consists of mesenchyme at the posterior limb bud margin that expresses Shh 18 . We isolated an ScShh fragment using degenerate PCR and used this fragment to examine the ScShh expression pattern in stage 27 ( Fig. 3a -c) and 28 (not shown) dogfish embryos. ScShh expression was observed in the floor plate, the notochord (Fig. 3b) , the branchial arches (Fig. 3c) , ScdHand expression was observed in the posterior part of paired fin buds (arrows) and the dorsal and anal fin buds (arrowheads). Scale bars, 1 mm. g, Expression pattern of ScBmp4 in stage 28 S. canicula embryo. ScBmp4 expression was observed throughout paired fin buds (arrows) and dorsal and anal fin buds (arrowheads). pec, pectoral fin; fp, floor plate; nc, notochord; mc, mouth cavity; br, branchial arch. Scale bar, 1 mm. the brain and the optic vesicle, but surprisingly we could not detect Shh expression in either pectoral (Fig. 3a) or pelvic fin buds. We extended the length of the ScShh probe using another set of primers, but even with this longer probe we were unable to detect a signal in fin buds. We further attempted to detect ScShh transcripts in stage 27 and 28 embryos by RT-PCR but although we were able to detect ScShh in the body, ScShh was not detected in either pectoral or pelvic fin buds (Fig. 3d) . In zebrafish (Danio rerio), another member of the hedgehog gene family, Tiggy-winkle hedgehog (Twhh), has been reported 19 . It seems unlikely that the Shh we have isolated is Twhh because Twhh is expressed only in the floorplate in zebrafish embryos 19 and ScShh transcripts were observed in both the floorplate and the notochord in S. canicula embryos (Fig. 3b) . Thus it appears that Shh must be expressed at very low levels, if at all, in the fin buds of dogfish embryos.
In higher vertebrates, genes that are involved in regulation of Shh expression (for example dHand 20 ) and that are targets of Shh signalling (for example, Bmp4; ref. 21 ) have been identified. We cloned these two genes from dogfish by degenerate PCR and examined their expression patterns. ScdHand transcripts were found in the same regions as in higher vertebrates, including the heart, the head and the posterior part of the fin buds where the polarizing region normally develops (Fig. 3e and f) . In addition, ScdHand was detected at the posterior margins of the dorsal and anal fin buds (Fig. 3e) . In higher vertebrates, Bmp4 transcripts are abundant in anterior mesenchyme and expression is negatively regulated by Shh
21
. In dogfish fin buds, ScBmp4 transcripts were detected throughout the fin bud (Fig. 3g) , as might be predicted if ScShh expression is absent.
Our inability to detect Shh expression in dogfish fin buds was at first surprising. It could be that the acquisition of Shh expression in appendages was of primary importance for evolution of the distal regions. However, another possibility is that Shh could play a role in the 'freeing' of fins and the establishment of a proximo-distal limb axis (Fig. 2c) . In S. canicula, as in many other cartilaginous fish, the metapterygium-the main long bone of the fin-develops parallel to the main body axis, in the proximal part of the fin bud next to the body wall (Fig. 4A) . One hypotheses, which is still controversial, is that the metapterygial axis rotated outwards from the body wall during evolution 2, 3 (Fig. 4A) . Fate maps of cells at the base of a chick wing-bud show that anterior cells remain at the proximal part of the limb, but cells in the middle and posterior regions extend posteriorly and distally as the wing bud grows out (Fig. 4B -D) . The relative displacement of these populations is illustrated by the curved red line in Fig. 4C . Support for the idea that Shh is involved in this reorientation comes unexpectedly from a recent detailed analysis of Shh null mutant mouse embryos, which described the limbs as being 'trapped' within the body wall 22 . Our data suggest that the dogfish may represent an important intermediate form in the evolution of tetrapod limbs (Fig. 2b) . Although we did not detect lateral fin folds in dogfish, we suggest that an ancestral vertebrate had already been compartmentalized dorso-ventrally with Engrailed-1 expression ventrally and had lateral fin folds that expressed a single Tbx4/5 gene (Fig. 2a) . This assumes, however, that a lateral fin fold is likely to be primitive. It will be interesting to characterize these features of the body plan in hagfish and lampreys. Our view of the origin of tetrapod limbs also suggests that more attention should be given to mechanisms that inhibit limb development. Many genes that are thought to be involved in limb formation in higher vertebrates, including Fgf10 and Hoxd9, are initially expressed in both limb and inter-limb regions and then 'switch off ' in the inter-limb regions.
A
Methods
Scanning electron microscopy S. canicula eggs were incubated at 16 8C in sea water and staged according to ref. 8 . Embryos were fixed in Peter's fixative (1.25% glutaraldehyde, 1% paraformaldehyde in 0.1 M cacodylate buffer, pH 7.2) at 4 8C. After post-fixation in 1% osmium in cacodylate buffer, specimens were dehydrated in graded ethanol, placed in acetone, critically pointdried, sputter-coated with gold/palladium and viewed on a Hitachi S-4700 field-emission scanning electron microscope.
Identification of S. canicula gene homologues
We identified fragments of S. canicula Tbx4 (275 base pairs, bp), Tbx5 (278 bp), Engrailed-1 (326 bp), dHand (267 bp), Bmp4 (243 bp) and Shh (297 bp) from complementary DNA pools prepared from stage 24-28 embryos 8 using degenerate primers. The amino-acid sequences used for degenerate primers were: ScTbx4, KFCDNKWM and TAFCTHVF; ScTbx5, YKFADNKW and TAFCTHVF; ScEngrailed-1, WPAWVYCT and MAQGLYNH; ScdHand, ECIPNVP and WPQHVWA; ScBmp4, WIVAPPG and DMVVEG. To avoid Figure 4 A, Series of pectoral appendages comparing the dogfish with other species in which the metapterygial axis is freed from the body wall and forms the main axis of the limb. The red line represents the position of the major axis. In S. canicula, the metapterygial stem has retained its original position in the body wall; in the fossils Xenacanthus and Neoceratodus, the metapterygial stem has became freed from the body wall and forms the principal axis 3, 28 . letters to nature amplification of Dhh and Ihh, the ScShh fragment was obtained by nested PCR. The amino-acid sequences used for degenerate primers were: ScShh first PCR, KQFIPNVA and AHIHCSV ScShh second, nested PCR, PNYNPDI and GFDWVYYE. The longer ScShh (348 bp) fragment was obtained from cDNA pools of stage 27 S. canicula embryos by RT-PCR using a degenerate forward primer and a ScShh-specific reverse primer (GRYEGKIT and TTCGTAGTAGACCCAGTC). The nucleotide sequences of ScEn1, ScShh, ScTbx4, ScTbx5, ScdHand and ScBmp4 cDNA are deposited in the GenBank database under the accession numbers: AF393834-AF393837, AY057890 and AY057891.
In situ hybridization S. canicula embryos were removed from their egg casings and dissected from the yolk mass. Wholemount in situ hybridization on younger S. canicula embryos was carried out as previously described 23 and this is based on methods used for other vertebrate embryos 24 . Older embryos were treated with dimethyl sulphoxide (DMSO) instead of proteinase K treatment by placing them in 2 ml of DMSO/methanol (1:1) on ice until they sank. Then 0.5 ml of 10% Triton X-100 (Sigma) in distilled water was added, and the embryos were incubated for an additional 20 minutes at room temperature 25, 26 . After washing in PBT (1% Tween 20 (Sigma) in PBS), embryos were hybridized with probes as described previously for chick embryos 24 . Some whole-mount in situ samples were embedded in gelatin, and frozen sections were cut.
RT-PCR
RT-PCR was performed as previously described 27 . The primers used for PCR amplification of ScShh (172 bp) were 5 0 -GAGCTGACAGGCTGATGACAC-3 0 and 5 0 -TGGTGATGTCCACAGCTCGGC-3 0 . The PCR cycle was at 96 8C for 20 seconds, 55 8C for 40 seconds and 72 8C for 1 minute for 32 cycles. Relative levels of transcripts were compared to levels of internal control using 18S ribosomal RNA primers (Ambion). Both ScShh and 18S rRNA primers were added into the same reaction solution.
Observation of cartilaginous pattern
S. canicula embryos to be stained for cartilage were fixed in 5% TCA (trichloroacetic acid), stained in 0.1% Alcian blue in 70% acid alcohol, dehydrated in ethanol and cleared in methyl salicylate.
DiI labelling
DiI (1,1-dioctadecyl-3,3,3 0 ,3 0 -tetramethylindo-carbocyanine perchloride; Molecular Probes; 3 mg ml 21 in DMSO) was injected into chick wing-bud using a micropipette to label a small group of cells. Embryos were then incubated for 96 h and fixed in 4% paraformaldehyde in PBS. The average size of the initial DiI injected dot was 40 -50 mm.
